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Cell cycle restriction of telomere elongation
Stéphane Marcand*†‡, Vanessa Brevet†‡, Carl Mann* and Eric Gilson†
Telomere elongation by telomerase balances the
progressive shortening of chromosome ends due to the
succession of replication cycles [1,2]. Telomerase
activity is regulated in vivo at its site of action by the
telomere itself. In yeast and human cells, the mean
telomere length is maintained at a constant value
through a cis-inhibition of telomerase by factors
specifically bound to the telomeric DNA [3–7]. Here, we
address an unexplored aspect of telomerase regulation
by testing the link between telomere dynamics and cell
cycle progression in the budding yeast Saccharomyces
cerevisiae. We followed the elongation of an
abnormally shortened telomere and observed that, like
telomere shortening in the absence of telomerase,
telomere elongation is linked to the succession of cell
divisions. In cells progressing synchronously through
the cell cycle, telomere elongation coincided with the
time of telomere replication. On a minichromosome, a
replication defect partially suppressed telomere
elongation, suggesting a coupling between in vivo
telomerase activity and conventional DNA replication.
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Results and discussion
In the absence of a compensatory mechanism, the replica-
tion of DNA ends results in a loss of terminal DNA
sequences [1,8]. To illustrate this point, we deleted the
gene encoding the RNA template of telomerase in a yeast
strain with a telomere tagged with a URA3 marker gene
(Figure 1a). Independent clones lacking telomerase were
grown exponentially with a population doubling time of
~2 hours (Figure 1b). Under these conditions, telomere
length progressively decreased at a rate of ~1.5 bp per
hour (Figure 1c) [7,9]. When the cells were not regularly
diluted and reached stationary phase, telomere length
reached a plateau and remained unchanged for several
days. When these cells were replaced in fresh medium
and reentered exponential growth, telomere shortening
resumed at the same pace of ~1.5 bp per hour (Figure 1c).
To follow the elongation of a telomere by telomerase
in vivo, we previously designed a system to reduce the size
of a single telomere without affecting the integrity of its
end [7]. In short, telomeric repeats (TG1–3) were placed
between two specific sites for the Flp1p recombinase in
the immediate vicinity of a telomere. These internal
telomeric repeats are partially taken into account by the
length-regulation mechanism, reducing the length of the
distal repeats. Thus, induction of the recombinase will
result in deletion of the internal repeats and will leave an
abnormally shortened telomere on the chromosome
(Figure 1d). Cells growing exponentially in raffinose-con-
taining medium were exposed to galactose for 3 hours to
induce expression of Flp1p (Figure 1e). Cells were then
washed and resuspended in glucose-containing medium.
During exponential growth with a population doubling
time of ~2 hours, the length of abnormally shortened
telomeres of ~110 bp progressively returned to the equilib-
rium at ~260 bp in a few days (Figure 1f). As previously
observed [7], the rate of elongation decreased with increas-
ing telomere length. When the cells were not regularly
diluted and reached stationary phase, telomere length
reached a plateau and remained unchanged for several
days (Figure 1f). When these cells were replaced in fresh
medium and reentered exponential growth, telomere elon-
gation resumed at a pace expected for the actual length of
the telomere. Taken together, these observations indicate
that both telomere shortening and telomere elongation are
two processes linked to the succession of cell divisions.
An abnormally shortened telomere was induced in cells
blocked in late G1 phase with α factor. These cells were
then maintained in G1, released from the α-factor block in
the presence of nocodazole, which blocks cells in G2/M
phase, or allowed to resume exponential growth. As shown
in Figure 2a (closed symbols), an abnormally shortened
telomere with an initial length of 140 bp was not signifi-
cantly elongated in G1 phase even after an extensive block
of 17 hours. Similarly, the telomere was not elongated
during the nocodazole block in G2/M. At the same time, a
clear telomere elongation was observed in cells growing
exponentially. Interestingly, a slight increase of ~20 bp was
apparent during the progression from G1 to the nocodazole
block. The error in telomere length measurement was
empirically estimated to be less that 10 bp (see Supplemen-
tary material), indicating that the observed telomere elonga-
tion was significant. It suggests that one round of telomere
elongation occurred in S or G2/M phase. In a control
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experiment, we used a strain lacking internal telomeric
repeats. In these cells, Flp1p induction resulted in the for-
mation of a normal-sized telomere, the length of which was
unaffected by the cell cycle blocks (Figure 2a, open symbols). 
To define the timing of telomere elongation within the
cell cycle, telomere length was assayed every 10 minutes
after α-factor release. As shown in Figure 2b (open
squares), the mean telomere length stayed practically
unchanged during the first hour. Then, a slight ~20 bp
elongation occurred within the second hour. The fact that
telomere elongation does not take place early in S phase
was confirmed by a lack of telomere elongation when the
cells were released from the α-factor block in the presence
of hydroxyurea, which prevents DNA replication and
blocks cells in early S phase (data not shown). We then
compared the timing of telomere elongation with that of
telomere replication. The action of the Flp1 recombinase
produced non-replicating circular DNA that can be used
to estimate the time of telomeric DNA replication by
comparative hybridization [10]. A transition from 1 to ~2
copies was seen during the second half of the progression
through S phase (Figure 2b, closed diamonds). This time
of replication roughly corresponds to the time of telomere
elongation. As expected [11], telomere replication was late
compared with replication of the bulk genomic DNA, as
estimated by FACS (fluorescence activated cell sorting)
analysis (Figure 2b), or with the replication of an internal
region (ARS1), as assayed, in parallel, by the same compar-
ative hybridization method (Figure 2b, open diamonds).
Thus, telomere elongation appears to start in late S phase.
An association between DNA replication and telomere
elongation might result from a cis-coupling of elongation to
replication. To test this hypothesis, we integrated the cas-
sette for the formation of a shortened telomere on a linear
plasmid with a single autonomous replication sequence
(ARS). The expression of the Flp1p recombinase will create
a linear plasmid with a short telomere that is either replica-
tion-proficient or -defective depending on whether the ARS
is located outside or within the recombination cassette,
respectively (Figure 3a). When the ARS was retained on the
linear plasmid after Flp1p induction (ARS1), the abnormally
shortened telomere present at one end was progressively
elongated with the successive generations (Figure 3). After
40 generations, telomere length reached an equilibrium at
~260 bp (data not shown). When the ARS was deleted after
Flp1p induction (∆ars1), the linear plasmids with short
telomeres were rapidly diluted relative to the residual unre-
combined molecules (Figure 3b,c). This rapid dilution was
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Figure 1
Telomere length variations are coupled to
cell division. (a–c) Telomere shortening is
coupled to cell division in the absence of
telomerase. (a) Schematic representation of
the URA3-tagged telomere and the ura3-1
allele at their chromosomal location in strain
Lev5. (b) A tlc1∆ clone, which lacks
telomerase, was resuspended in rich
medium (time 0) and grown exponentially or
allowed to reach stationary phase. After
74 h, stationary-phase cells were allowed to
resume exponential growth (post-stationary).
The arrow indicates the telomeric restriction
fragment and the asterisk indicates the
internal 757 bp ura3-1 fragment. (c) The
graph represents three independent
experiments. In two experiments (diamonds
and upward triangles), the stationary-phase
cells were replaced in fresh medium after
54 h. (d–f) Telomere elongation is coupled
to cell division. (d) Schematic representation
of the experimental system. FRT, cleavage
site of Flp1p. (e) Yeast strain Lev336 was
grown in raffinose-containing medium (–)
and exposed to galactose for 3 h (time 0).
Cells were resuspended in rich medium and
grown exponentially or allowed to reach
stationary phase. After 70 h, stationary-
phase cells were allowed to resume
exponential growth (post-stationary). The
arrow indicates the telomeric restriction
fragment, and the asterisk, the residual
uninduced non-telomeric URA3–ADH4.
(f) The graph represents three independent
experiments. In two experiments (diamonds
and upward triangles), the stationary-phase
cells were replaced in fresh medium after
93 h. In one experiment (diamonds), an
isogenic strain deleted for the SIR4 gene
(Lev337) was used.
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due to the replication defect in the absence of an ARS and
limited the experiment to a few generations. The rate of
elongation of the abnormally shortened telomere on the
replication-defective plasmids was significantly reduced
2–3-fold compared with the replication-proficient molecules
(Figure 3d). Importantly, on the other extremity of the plas-
mids, telomere length remained unchanged during the
course of the experiment (data not shown). Even in the
absence of the ARS, a residual elongation still occurred on
the abnormally shortened telomere (Figure 3d). This elon-
gation might be the consequence of a residual level of repli-
cation initiation on the linear plasmid despite the absence of
a bona fide ARS. An alternative explanation would involve
an elongating activity that is independent of DNA replica-
tion. This activity is most likely to be dependent upon
telomerase because we observed the same residual elonga-
tion in a strain deleted for the RAD52 gene, which is
required for the only known alternative pathway for telo-
mere elongation ([7,12] and data not shown).
In yeast, the main source of telomere shortening seems to
be the inability of the conventional replication machinery
to fully replicate DNA ends [1,7,13]. A coupling to DNA
replication also appears to hold true for telomere elonga-
tion by telomerase, the action of which coincides with the
time of telomere replication in late S phase. This cell cycle
restriction of telomere elongation might be important to
avoid a drift of telomere length during prolonged cell cycle
arrests, for instance, those occurring as a result of starva-
tion. After progression through S and G2 phases, we
observed no further elongation of an abnormally shortened
telomere in nocodazole-arrested cells (Figure 2a). In con-
trast, extensive telomerase-mediated telomere addition at a
double-stranded DNA break has been observed in nocoda-
zole-arrested cells [14]. In this latter assay, the coupling of
telomere addition to a repair process might bypass the
normal cell cycle restriction of telomere elongation.
We directly tested telomere elongation on replication-
proficient and -defective minichromosomes. Interestingly,
the replication of a telomere appears to facilitate its exten-
sion by telomerase. Because of experimental limitations,
however, we could not tell whether this cis-coupling to
replication is absolutely required. Previous observations in
the ciliated protozoan Oxitricha nova have shown that
telomerase and telomeres colocalize exclusively in the
replication band, a cytologically distinct structure in which
the DNA replicates [15]. This suggests a model in which
telomerase activity would be spatially restricted by an
association of the enzyme with the DNA replication foci
commonly observed in eukaryotic cells [16]. Access of
telomerase to the telomeres would be facilitated by repli-
cation; but the passage of a replication fork might not be
an absolute requirement as long as the telomere can
diffuse to the replication foci. An alternative model would
be that intermediates of telomere replication are the only
appropriate substrates for the telomerase [17]. In yeast,
the replication of a telomere seems to be required for the
formation of transient guanine-rich single-stranded exten-
sions on the two sister molecules [17,18]. Cdc13p, a
protein that binds to guanine-rich telomeric single-
stranded DNA, is required for telomere elongation and
appears to recruit telomerase to the telomere through a
direct interaction [19,20]. Replication of a telomere would
create single-stranded DNA bound by Cdc13p which, in
turn, would load telomerase and the enzymes involved in
cytosine-strand synthesis onto the telomere. Yeast telom-
erase seems to act as a dimer, suggesting that the same
complex might simultaneously elongate the two sister
chromatid ends [21].
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Figure 2
Cell cycle restriction of telomere elongation. (a) Yeast strains Lev227
(∆bar1, no internal telomeric repeats) and Lev228 (∆bar1, 270 bp of
internal telomeric repeats) grown exponentially in raffinose-containing
medium were blocked in late G1 phase by the addition of α factor
(Sigma, 60 ng/ml) for 2 h and exposed to 2% galactose for an additional
2 h (time 0). Cells were resuspended in glucose-containing medium and
split in three. One portion was maintained in G1 phase with α factor. The
two other portions were washed three times and resuspended in
glucose-containing medium, one with nocodazole (Sigma, 15 µg/ml).
Aliquots were taken after 2, 4 and 17 h. The mean telomere lengths are
plotted on a graph. (b) Yeast strain Lev228 grown exponentially in
raffinose-containing medium was blocked in late G1 phase by the
addition of α factor (60 ng/ml) for 1 h and exposed to 2% galactose for
an additional 2 h. Cells were washed four times and resuspended in
glucose-containing medium (time 0). Aliquots were ‘flash-frozen’ every
10 min as described in [22]. The mean lengths are plotted on a graph
(open squares). The same genomic DNA samples were analyzed by
Southern blotting using an ADH4 probe, an ARS1 probe and a URA3
probe. The signals from the ADH4 fragment and the ARS1 fragment
were quantified by PhosphoImager analysis, using the non-replicating
URA3 fragment as an internal control for each lane. The initial value was
defined as 1; subsequent corresponding ratios were normalized to this
initial value and plotted on a graph (diamonds). Flow-cytometric analysis
of cellular DNA content is displayed on the right.
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Supplementary material
A table showing the yeast strains used and additional methodological
details are available at http://current-biology.com/supmat/supmatin.htm.
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Figure 3
A replication defect reduces telomere
elongation. (a) Schematic representation of
the experimental system used to uncouple
telomere elongation and replication. (b) Yeast
strain Lev205 transformed with plasmids
sp351 (ARS1) or sp262 (∆ars1) was grown
in raffinose-containing medium (–) and
exposed to galactose for 3 h (generation 0).
Cells were resuspended in rich medium and
maintained in exponential growth. The number
of generations after induction was determined
from the OD600 of the cultures. Genomic
DNA was digested with NsiI (ARS1) or
EcoRV (ars1∆), and analyzed by Southern
blotting using an ADH4 probe. The arrows
indicate the telomeric restriction fragments,
the asterisks the residual uninduced non-
telomeric URA3–ADH4 fragments and ‘int’
the chromosomal ADH4 fragment.
(c) Phosphoimaging scans of the hybridization
signals displayed in (a). (d) Graphic
representation of telomere elongation on
replication-proficient (ARS1) and -defective
(ars1∆) minichromosomes. 
bb10h54.qxd  04/17/2000  01:12  Page 490
